DA-JC1 is protective in a PD mouse model

A novel dual GLP-1 and GIP incretin receptor agonist is neuroprotective in a mouse model of Parkinson’s disease by reducing chronic inflammation in the brain
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Abstract

The incretins glucagon-like peptide 1 (GLP-1) and glucose dependent insulinotropic polypeptide (GIP) are growth factors. GLP-1 mimetics are on the market as treatments for type 2 diabetes. Both GLP-1 and GIP mimetics have shown neuroprotective properties in previous studies. In addition, the GLP-1 mimetic exendin-4 has shown protective effects in a clinical trial in Parkinson’s disease (PD) patients. Novel GLP-1/GIP dual-agonist peptides have been developed to treat diabetes. Here we demonstrate the neuroprotective effects of a novel dual agonist (DA-JC1) in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD. MPTP was injected once-daily (20mg/kg i.p.) for 7 days, and the dual agonist was co-injected once-daily (50nmol/kg i.p.). We found that the drug reduced most of the MPTP-induced motor impairments in the rotarod, open field locomotion and muscle strength test. The number of tyrosine hydroxylase (TH) positive neurons in the substantia nigra (SN) and striatum was reduced by MPTP and increased by DA-JC1. Synapse numbers (synaptophysin expression) were reduced in the SN and the striatum by MPTP, and DA-JC1 reversed this effect. The activation of a chronic inflammation response by MPTP was much reduced by the DA (astroglia and microglia activation). Therefore, dual agonists show promise as a novel treatment of PD.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease that affects motor control, which is caused at least in part by a progressive loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and the subsequent degeneration of projection axons and dopaminergic synapses to the striatum. This leads to tremors, muscular rigidity, bradykinesia, and postural and gait abnormalities [1]. There is currently no cure or preventive treatment for this condition. However, the neuroprotective and restorative effect of growth factors such as glia-derived neurotrophic factor (GDNF) in animal models of Parkinson’s disease has demonstrated the potential of using growth factors as a treatment for PD [2]. One problem that has prevented the implementation of this concept is that GDNF and other growth factors do not cross the blood-brain barrier (BBB) [3]. The growth factor Glucagon-like protein 1 (GLP-1) and its analogues have shown neuroprotective effects in several disease models of neurodegeneration, such as Alzheimer’s disease and PD [4,5]. Previous studies demonstrated that the GLP-1 receptor agonist exendin-4 shows neuroprotective effects in animal models of PD [6-9]. Novel dual-agonist peptides have been developed to treat diabetes that not only activate the GLP-1 receptor but also the sister incretin glucose-dependent insulinotropic polypeptide (GIP) receptor [10]. As long-lasting GIP analogues also have been shown to have neuroprotective effects [11-13], the activation of both GLP-1 and GIP receptors may be a superior strategy for protecting neurons. The novel dual- GLP-1/GIP receptor agonists show superior effects in animal models of diabetes compared with liraglutide, the most effective GLP-1 analogue on the market [10]. Some of these dual agonist peptides are already in clinical trials in patients with diabetes, and first results show good effects with fewer side effects compared to GLP-1 mimetics [10]. We therefore tested the effects of a potent GLP-1/GIP receptor agonists in the MPTP mouse model of PD. MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is a precursor of MPP+, which induces classic symptoms of Parkinson's disease by impairing or killing dopaminergic neurons in the substantia nigra pars compacta [14,15]. MPTP is widely used as a chemical to induce a Parkinson-like condition in animals [8,9,14,16]. Effects of the GLP-1/GIP receptor agonist on MPTP- induced motor impairments, reduction in cell numbers in the substantia nigra, reduction of dopamine synthesis in the striatum, synapse loss, and a reduction of the chronic inflammation response as observed in the activation of microglia and astrocytes. Chronic inflammation facilitates neurodegeneration and is a key element of PD disease progression [17].


Methods

Chemicals

[bookmark: OLE_LINK13]1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), paraformaldehyde (PFA) and phosphate buffered saline (PBS) were purchased from Sigma-Aldrich (St Louis, MO, USA). Bicinchoninic acid (BCA) protein assay kit was purchased from Applygen Technologies Inc. (Beijing, China). Sodium chloride, ethylene glycol, and 3,3-diaminobenzidine (DAB) were purchased from ZSGB-BIO Co. (Beijing, China). All other reagents used in the research were obtained from Beijing Chemical Factory (Beijing, China). Peptides were synthetised by ChinaPeptides Co., Ltd (Shanghai, China) to 95% purity. The purity of the peptide was confirmed by reversed-phase HPLC and characterised using matrix assisted laser desorption/ionisation time of flight (MALDI-TOF) mass spectrometry.
Peptide sequence of the GLP-1/GIP dual agonist DA-JC1 [10]:

YXEGTFTSDYSIYLDKQAAXEFVNWLLAGGPSSGAPPPSK-NH2
X = aminoisobutyric acid; K = Lys-C16 acyl

Animals and treatment

Adult Male C57BL/6 mice (20-25g) 10±2 weeks old were purchased from the Academy of Military Medical Sciences (AMMS China), were maintained in a constant temperature (22±3°) and humidity (relative 50-55%) under a 12h light/dark cycle in animal house. Animals were allowed free access to food and water. The work was approved by the ethics committee of Shanxi province. All animal procedures were performed in accordance to National Institute of Health (NIH) guideline (NIH publication NO. 85-23. Revised 1985). All efforts were made to minimise animal suffering and to reduce the number of animal used during experimental procedures. Animals were randomly allocated to 4 groups. Control, DA, MPTP, and MPTP+DA. PD was induced by MPTP hydrochloride (Sigma) injection of 20 mg/kg/day MPTP in saline intraperitoneally (ip.) daily for 7 consecutive days. Saline or Dual Agonist (50nmol/kg) dissolved in normal saline were administered 30 min after each MPTP administration. Motor function was evaluated by multiple paradigms, including rotarod, traction test and open-field activity. All groups were n =10.


[bookmark: OLE_LINK15]Behavioral Tests

Open field test
[bookmark: OLE_LINK7]The open field test (OFT) is a common measure of exploratory behavior and general activity in mice principally. The open field is an enclosure, generally square (30cm×30cm) in shape with surrounding walls (20cm) that prevent escape. Distance moved and rearing over time are among many measures that can be tabulated and reported. Commonly, the field is marked with a grid (area 30cm×30cm; grid size 6cm×6cm). The mice were individually placed in one corner of the open field. The crossing numbers (defined as at least three paws in a square) were monitored for 5 min by treatment-blinded experimenter seated quietly approximately 0.5 m distant. The total distance (crossing numbers) travelled during 5min of testing sessions were recorded. The experiment was repeated 3 times for each animal.

Rotarod performance
The rotarod test is a useful method for measuring hypokinesia in a mouse model of PD. The rotarod equipment (YLS-4C, Academy of medical sciences in Shandong, China) consisted of a rotating spindle and five individual compartments was able to simultaneously test five mice. Animals were allowed to walk on rotarod before each MPTP injection to assess sensorimotor coordination. The rotarod test in which animal must balance on a rotating drum, is widely used to assess motor deficit in rodents. Mice were placed on a rod that accelerated smoothly from 5 to 20 rpm over a period of 50s. The length of time that each animal was able to stay on the rod was recorded as the latency period to fall. The experiment was repeated three times for each animal at 10 min rest intervals to prevent stress and fatigue and a maximum trial length of 180s pretrial.

[bookmark: OLE_LINK23][bookmark: OLE_LINK26]Traction Test
Muscle strength was assessed by a traction test as previously published [18]. Mice were lifted onto a horizontal wire, which the mouse gripped by its forepaws. The mouse was scored as 3 for gripping the wire with both hind paws, 2 for gripping the wire with one hind paw, and 1 for not gripping the wire with either hind paw. The experiment was repeated three times for each animal.

[bookmark: OLE_LINK9][bookmark: OLE_LINK11][bookmark: OLE_LINK27][bookmark: OLE_LINK28]Brain tissue preparation

[bookmark: OLE_LINK18]At the end of the experiment, animals were sacrificed. 5 mice were selected for the immunohistochemistry analysis. For immunohistochemistry analysis, mice were deeply anesthetized with urethane immediately and were intracardially perfused saline, and then fixed with cold 4% PFA. Brains were removed and post-fixed in 4% PFA overnight. 

Immunohistochemistry analysis

[bookmark: OLE_LINK10][bookmark: OLE_LINK62][bookmark: OLE_LINK63]For DAB staining, brains were embedded in paraffin. Coronal sections (4μm thick ) of the brains were cut on a Leica microtome for immunohistochemical study. The sections were pretreated with 3% hydrogen peroxide (H2O2) for 10 min at room temperature to remove endogenous peroxidase activity. Then, section were incubated with primary antibodies (rabbit monoclonal TH, 1:200; anti-tyrosine hydroxylase (TH) rabbit monoclonal antibody [EP1533Y](ab75875) 1:200, anti-Iba goat polyclonal antibody (ab107159), anti-Synaptophysin rabbit monoclonal antibody(ab32127) 1:300 Abcam (Cambridge, England). Anti-GFAP rabbit polyclonal antibody (ba0056) 1:200 Boster biological engineering co., LTD (WuHan, China) were diluted in PBS overnight at 4°C. sections were then incubated with secondary antibodies (biotin-conjugated Rabbit anti-Goat IgG polyclonal (ba1006) and biotin-conjugated Goat anti-Rabbit IgG polyclonal (ba1003) were purchased from Boster biological engineering co., LTD (WuHan, China) 1:1000 for 60min at 37°C. The immunoreactivity was visualiced with 3,3'-Diaminobenzidine (DAB) color reaction. Sections were chosen in accordance with stereological rules: the first section was taken at random and every fifth section afterward. Stereology removes bias and possible sources of systematic errors [19]. The DAB staining was observed with an Axio Scope 1 (Zeiss, Germany) microscope and photographed with a digital camera. Images were analyzed with Image-Pro Plus 6.0 (Media Cybernetics, USA). The mean optical density was evaluated and compared across groups. N=6-8 sections per brain were analysed. 

 Statistical analysis

[bookmark: OLE_LINK12]All values were presented as the mean ± S.E.M and displayed with the graphic software Prism 5 (GraphPad Software Inc, La Jolla, CA, USA). Error bars shown in figures depict SEM values. Data were analyzed by 1-way ANOVA, followed by LSD post hoc tests with statistical significance level set at P < 0.05.



Results


[bookmark: OLE_LINK16][bookmark: OLE_LINK17]The dual agonist DA-JC1 DA-JC1 improved the MPTP-induced impairments in sensory-motor control in the Rotarod
DA-JC1 partially protected from MPTP- induced impairments in motor coordination on the RotaRod. The injection of MPTP impaired the ability of mice to stay on the rotating rod. An overall difference was found between groups in a one-way ANOVA (p<0.0001). In subsequent LSD post hoc tests, a difference was found between groups injected with saline or drugs and animals injected with MPTP (p<0.001). Furthermore, a difference was found between MPTP + DA and MPTP group (p<0.05), and a difference was found between control or DA and the MPTP+DA group (p<0.01). DA-JC1 was able to reverse some of the impairments of MPTP. N=10 per group, see fig. 1A.

DA-JC1 improved the MPTP-induced impairments in exploratory and locomotor activity
A one- way ANOVA found an overall difference in the overall distance travelled by mice in 10 min (p<0.001) and in the overall number of rearings (p<0.001). MPTP reduced the exploratory behaviour as shown in numbers of rearings (p<0.05) and the spontaneous locomotion of mice (p<0.05). Treatment with DA-JC1 reversed the impairment in exploratory behaviour and overall distance travelled compared to MPTP group. One-way ANOVA with LSD post-hoc tests, n=10 per group. See fig. 1B.

DA-JC1 improved the MPTP-induced impairments in muscle strength in the traction test.
DA-JC1 partially protected from MPTP- induced impairments in muscle strength as assessed by the traction test. An overall difference was found between groups in a one-way ANOVA (p<0.001). MPTP injection reduced muscle strength compared to saline (p<0.05). DA-JC1 was able to reverse some of the impairments of MPTP, and muscle strength was increased (NS compared to controls, p<0.05 compared to MPTP group). N=10 per group, see fig. 1C.

[bookmark: OLE_LINK5][bookmark: OLE_LINK21][bookmark: OLE_LINK22]Histology: DA-JC1 reversed the MPTP-induced reduction in tyrosine hydroxylase positive neurons in the substantia nigra, pc
The dual agonist restored the numbers of neurons that were positive for the dopamine synthetising enzyme tyrosine hydroxylase (TH) in the substantia nigra. An overall difference was found between groups in a one-way ANOVA (p<0.001). The quantification of numbers of dopaminergic neurons in the substantia nigra showed that saline-treated and DA-treated mouse groups had significantly higher numbers of TH positive neurons than the MPTP-treated mouse group (p<0.01). DA treatment on its own had no effect on dopaminergic neuron numbers. However, DA treatment restored numbers of dopaminergic neurons in MPTP-treated mice (p<0.05 compared to MPTP only). One-way ANOVA with LSD post-hoc tests, n=5 per group. See Fig. 2.

The GLP-1/GIP receptor agonist reversed part of the MPTP-induced reduction in Tyrosine hydroxylase levels in the striatum
The GLP-1/GIP receptor agonist restored tyrosine hydroxylase (TH) expression levels in the striatum. An overall difference was found between groups in a one-way ANOVA (p<0.001). The expression level of TH in the striatum was reduced after MPTP treatment compared to controls (p<0.001). However, DA treatment partially restored levels of TH in MPTP-treated mice (p<0.001 compared with control group, p<0.01 compared to MPTP group). One-way ANOVA with LSD post-hoc tests, n=5 per group. See Fig. 2.

DA-JC1 partly reversed the reduction in synapse numbers by MPTP-induced reduction in the substantia nigra and the striatum

DA-JC1 partly reversed the reduction of synaptophysin expression in the SN and the striatum. An overall difference was found between groups in a one-way ANOVA (p<0.001) in both areas. The expression level of synaptophysin in the SN and in the striatum was reduced after MPTP treatment compared to controls (p<0.001). However, DA treatment improved levels in MPTP-treated mice in the SN (p<0.001 compared with MPTP group and with controls). In the striatum, DA treatment increased levels in MPTP-treated mice (p<0.01 compared with MPTP group and with controls). One-way ANOVA with LSD post-hoc tests, n=5 per group. See Fig. 3.

DA-JC1 reduced the MPTP-induced inflammation response in the substantia nigra

DA-JC1 reduced the inflammation response induced by MPTP as shown in activated astrocytes (GFP staining) and activated microglia (IBA-1 stain). An overall difference was found between groups in a one-way ANOVA (p<0.001). The expression level of GFAP and IBA-1 was much enhanced after MPTP treatment compared to controls (p<0.001). However, DA-JC1 treatment reduced the levels in MPTP-treated mice (p<0.001 compared with MPTP group or controls for astrocyte activation, and p<0.01 for activated microglia). One-way ANOVA with LSD post-hoc tests, n=5 per group. See Fig. 4.




Discussion

The results demonstrate that the protease-resistant dual GLP-1/GIP receptor analogue DA-JC1 showed some protection from the impairments induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treatment. MPTP is a commonly used chemical to induce a Parkinson-like state in rodents [14,16]. As animals do not naturally develop Parkinson’s disease, the MPTP lesion model is one of several models that are in use to investigate the underlying mechanisms of Parkinson’s disease and also to test new drug candidates for their neuroprotective properties [20]. 
We show here that DA-JC1 has neuroprotective properties in a mouse model of PD. Previously we have shown that the same GLP-1/GIP dual agonist has protective effects in a mouse model of stroke [21]. We also showed that this novel peptide has protective effects in the mouse model of PD, that motor impairments were reduced by the drug and that apoptotic signaling was reduced while expression of the key growth factor BDNF in the brain was increased [22]. In the present study, mice were clearly impaired in their spontaneous locomotion, sensory-motor coordination and muscle strength after MPTP treatment. These results support our previous findings [22]. Treatment with DA-JC1 was able to prevent or reverse these effects to some degree. In the analysis of key biomarkers, we found that the expression of the dopamine synthetising enzyme tyrosine hydroxylase in the substantia nigra and in the striatum was much reduced by MPTP. This suggests that dopamine synthesis was compromised, which may be the cause for the observed motor impairments. Here we show for the first time that the expression levels of synaptophysin, a marker for synapses, was much reduced by the MPTP treatment, and that DA-JC1 was able to partially prevent or reverse this effect. The reduction of synaptophysin indicates a loss of synapse numbers and a loss of neurotransmission from the substantia nigra to the striatum [23]. A key element of Parkinson’s disease is the development of a chronic inflammation response in the brain. Pro-inflammatory cytokines such as TNF- have detrimental effects on neuronal function and survival [24,25]. Injection of MPTP also induces a chronic inflammation response in the brain, and blocking this response has neuroprotective effects [26]. We show here that MPTP induced an inflammatory response in our study as well, and that microglia and astrocytes become activated in the substantia nigra. We present for the first time that treatment with the novel dual agonist greatly reduced the inflammation response. This reduction may well be an important contribution to the overall neuroprotective effect of the drug.
While the protection was not complete, the new dual agonist does show promise. The dual agonist activates the GLP-1 and the glucose-dependent insulinotropic polypeptide (GIP) receptor, and several novel protease-resistant analogues have been developed to treat type 2 diabetes [10]. GLP-1 analogues have shown neuroprotective effects in various diseases, such as Alzheimer’s disease, Parkinson’s disease, head trauma or stroke [4,5,27-30]. Furthermore, two previous studies showed good protection of MPTP treated mice using the GLP-1 agonist exendin-4 [8,9]. We also tested the novel GLP-1 receptor agonists liraglutide and lixisenatide and others in this model with good effects [31,32]. These preclinical results are of great importance, as the GLP-1 receptor agonist Exendin-4 has been tested in a pilot study in Parkinson’s patients with promising first results [33,34]. A larger Phase II study is ongoing to verify the protective effect of this drug in PD patients. 
 GIP also has neuroprotective effects and protects cognition, synapse numbers, synaptic plasticity, and reduces inflammation in the brain [11,12,35,36]. For a review, see [37]. Therefore, a GLP-1/GIP dual-agonist strategy may show better effects. Several dual agonists are being tested in diabetes, and first preclinical and clinical results show that GLP-1/GIP dual-agonists are superior in controlling diabetes compared to the GLP-1 analogue liraglutide [10]. The present study is a proof of concept to demonstrate that these analogues have great potential as a treatment for neurodegenerative disorders. However, these novel dual analogues will have to be tested in other animal models of PD that use different chemicals to induce PD- like symptoms such as 6-OHDA or LPS injection into the brain [6,7], and in transgenic mouse models that express human mutated genes that are known to induce Parkinson’s disease [38,39]. Another important test to be conducted is to treat animals after inducing the PD lesion in order to assess the regenerative effect of the novel drugs. As the novel dual-agonists are already in clinical tests to be developed as a treatment for type 2 diabetes, it would be straightforward to test these drugs in clinical trials in patients with PD.
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Figure captions:

Fig. 1A: The GLP-1/GIP receptor agonist partially protected from MPTP- induced impairments in motor coordination on the RotaRod. An overall difference was found between groups in a one-way ANOVA (p<0.0001). In subsequent LSD post hoc tests, a difference was found between groups.
B: The dual agonist peptide partly reversed the MPTP-induced impairments in exploratory and locomotor activity. The test was conducted on day 7. An overall difference was found between groups in a one-way ANOVA (p<0.0001). In subsequent LSD post hoc tests, a difference was found between groups. 
C: The dual agonist improved on the MPTP-induced impairments in muscle strength in the traction test. An overall difference was found between groups in a one-way ANOVA (p<0.0001). In subsequent LSD post hoc tests, a difference was found between groups. *=p<0.05, **=p<0.01; ***=p<0.001, N=10 per group.

Fig. 2: The GLP-1/GIP receptor agonist partly reversed the MPTP-induced reduction in tyrosine hydroxylase positive neurons in the substantia nigra, pc., and in the striatum.
An overall difference was found between groups in a one-way ANOVA (p<0.0001). In subsequent LSD post hoc tests, a difference was found between groups. *=p<0.05, **=p<0.01; ***=p<0.001, N=5 per group.

Fig. 3: The GLP-1/GIP receptor agonist partly reversed the reduction in synapse numbers by MPTP-induced reduction in the substantia nigra and the striatum. An overall difference was found between groups in a one-way ANOVA (p<0.0001). In subsequent LSD post hoc tests, a difference was found between groups. *=p<0.05, **=p<0.01; ***=p<0.001, N=5 per group.

Fig. 4: The GLP-1/GIP receptor agonist reduced the MPTP-induced inflammation response in the substantia nigra. An overall difference was found between groups in a one-way ANOVA (p<0.0001). In subsequent LSD post hoc tests, a difference was found between groups. *=p<0.05, **=p<0.01; ***=p<0.001, N=5 per group.
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Fig. 1
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Fig. 4
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